This paper describes a simple method for the fabrication of micropatterned polymer nanorod forests by templating against the channels in an anodized aluminum oxide membrane partially masked by gelatin. The nanorod forests easily support bimodal drug loading, with one drug encapsulated in the nanorods and the other physisorbed on their surface. During cell culture, preosteoblasts are predominantly attracted to the nanorod forests and driven to climb up along the nanorods. This type of scaffold integrates both microscale and nanoscale features into a single substrate, holding great potential for applications in cell culture and tissue engineering.
polymer nanorods have been demonstrated to facilitate rapid drug localization and topographical cellular control. 11 However, the fabrication was based upon photolithography, which is expensive and less accessible to chemists, biochemists, and biologists. 12 In addition, the resulting polymer nanorods are prone to collapse as a result of the insufficient extrusion of polymers into the template, impairing their capability to effectively regulate cell behavior.
Herein, we report a simple, rapid, and cost-effective method for fabricating micropatterned arrays of polymer nanorods (Scheme 1). In a typical process, electrospray was employed to deposit a thin layer of gelatin on a nylon mesh with microscale openings. The micropatterned gelatin network was then transferred onto an anodized aluminum oxide (AAO) membrane ( Figure S1 ), which is widely used as a template for the fabrication of nanorod and nanotube arrays. 11, 13, 14 After infiltrating the unblocked channels with a poly(lactic-co-glycolic acid) (PLGA) solution, both the AAO template and gelatin network were selectively removed, leaving behind a polymer substrate patterned with an array of nanorod forests. The interiors of the nanorods, the gaps among the nanorods, and the open space between adjacent nanorod forests, could all be used for the drug loading and/or cell seeding. Figure 1a shows the optical and electron micrographs of a woven nylon mesh. The mesh opening and spacing were 41 and 25 μm, respectively, which provide enough space for the nanorod forests to stand up and, at the same time, for the cells to reside and remodel. Electrospray was used to coat the nylon mesh with a thin layer of gelatin. Under a strong electric field, the liquid jet was directed toward the nylon mesh. Over time, the mesh openings decreased as a result of the accumulation of gelatin on the nylon backbone ( Figure  1b ). The gelatin layer deposited on the nylon mesh was then transferred onto the surface of an AAO membrane with the assistance of aqueous ethanol solution. The dissolved gelatin could flow along the nylon backbone and enter the space between the nylon mesh and the AAO membrane. After drying, the nylon mesh was carefully peeled off, leaving behind a meshed network of gelatin on the surface of the AAO membrane ( Figure 1c ). The transferprinted gelatin had a concave, canoe-like morphology ( Figure S2 ), primarily due to the woven structure of the nylon mesh. As shown in Figure 1d , the channels in the AAO membrane were completely blocked in the regions covered by gelatin, effectively preventing the channels from being infiltrated by PLGA.
Although it is straightforward to fill the channels by directly adding PLGA solution onto the surface-patterned AAO membrane, this process can be easily compromised if the excess fluid also enters the channels from the opposite side of the membrane. To avoid this problem, a smear-dip-push strategy was adopted. Specifically, 2.5 μL of PLGA solution was added onto a glass slide and smeared with a blunt pipet tip to form a thin liquid film. The surface-patterned AAO membrane was then carefully placed on top of the liquid film and laterally moved with tweezers to evenly wet the surface. In principle, this simple method works well for all hydrophobic polymers that can be dissolved in 1,4-dioxane to obtain polymer solutions with reasonable viscosity for easy trapping in the channels. After drying under ambient conditions, the procedure was repeated one more time to make the resultant scaffold more robust. Finally, the AAO template was selectively dissolved by etching with 10% phosphoric acid. As anticipated, the resultant scaffold contained an array of PLGA nanorod forests over an area of 4 mm × 4 mm. Each forest was approximately 30-40 μm in lateral width and 60-70 μm in height. These dimensions reflect the confinement by the AAO template and the patterned gelatin mask. As shown in Figure 2a , b, each forest had well defined edges, with the densely packed nanorods bound together to the underlying base film. Compared with the original pore size of the nylon mesh, the nanorod forests exhibited slightly reduced lateral dimensions due to the spreading of gelatin from the nylon backbone (Figure 1c and Figure S2 ). The oblique-view images shown in Figure 2c , d demonstrate that the resultant PLGA nanorods possessed essentially the same alignment as determined by the channels in the AAO template. From the images in Figure 2d and Figure S2 , the overall height of the resultant scaffold was 70-90 μm, with the nanorod forests accounting for 60-70 μm and the base film contributing the other 10-20 μm.
We next used two fluorescent agents as the model compounds to demonstrate dual drug loading. Specifically, Rhodamine B (RhB) was dissolved in the PLGA solution and then infiltrated into the channels of the gelatin-masked AAO membrane. After template removal, the scaffold was wetted with aqueous albumin-fluorescein isothiocyanate conjugate (FITC-BSA) solution and dried using filter paper. The distributions of the loaded compounds were examined using confocal laser scanning microscopy (CLSM). As shown in Figure 3a , b, both RhB and FITC-BSA were easily identified at the top surface of each nanorod forest, and the fluorescent patterns were essentially the same as the outlines of the nanorod forests. Despite some colocalization, the fluorescence signals from RhB and FITC-BSA did not fully overlap due to their different loading methods (Figure 3c ). We also measured their distributions at the base film, where nearly no signal from FITC-BSA was detected. In contrast, RhB was evenly distributed due to its encapsulation in the PLGA substrate ( Figure  3d ). It should be pointed out that the fluorescence intensity from the interior of each nanorod forest was much weaker than that from the exterior, which can be attributed to the inefficient transmission of the emitted light through the densely packed nanorods. The threedimensional (3D) profile reconstructed from Z-stack images shows that the physisorbed FITC-BSA was predominantly enriched at the top of each nanorod forest and superimposed with the broadly distributed RhB (Figure 3e ). The mean fluorescence intensities (MFIs) of RhB and FITC-BSA at the top surface of nanorod forests were 3.7 and 118 times as great as those at the base film, respectively ( Figure S3) . The cross-sectional image shown in Figure  3f further demonstrates the graded distribution of FITC-BSA along the nanorod forests with the maximum adsorption near the top, which is probably caused by the capillary action between nanorods during filter paper wiping. We also tested the release profiles of RhB and FITC-BSA from the drug loaded nanorod forests. The result shown in Figure S4 demonstrates that FITC-BSA exhibited a fast and complete release within 48 h, while RhB showed a slow and sustained release under the same conditions. A multidrug release system is highly desired when two or more biofactors need to be released with well-defined and controllable profiles, such as in wound healing. 15 To investigate the effectiveness of cell adhesion to the micropatterned nanorod forests, we cultured mouse-derived preosteoblasts (MC3T3-E1), the most commonly used cell line for the study of cell responses to structured surfaces, on the engineered scaffold. [16] [17] [18] To make a comparison, we also seeded cells onto a glass coverslip and a nonpatterned array of nanorods. After incubation for 24 h, the cells were stained with calcein AM to visualize the cytoplasm. Figure 4a -c show the superimposed confocal images of preosteoblasts cultured on these substrates. On the nonpatterned surfaces, the cells exhibited random adhesion and spreading. In contrast, the cells primarily adhered to the side surfaces of the nanorod forests, exhibiting a quasi-square fluorescent pattern. It should be noted that the preosteoblasts were rarely seen on the base film, which can be ascribed to their enhanced adhesion toward the rough surfaces presented by the nanorods. 16, 17 To determine the spatial distribution of the preosteoblasts on the nanorod forests, a series of Z-stack images were collected. The 3D reconstruction image reveals that the majority of the cells were localized in a region 20-60 μm away from the base film ( Figure S5 ). We also conducted SEM characterization to gain more insight into the interactions between the preosteoblasts and the substrates (Figure 4df ). On the nonpatterned substrates, the cells were randomly distributed and highly flattened, suggesting their strong interactions with the underlying surfaces. Interestingly, the cells adhered strongly to the nanorod forests from all exposed directions, with some preosteoblasts occupying the top surface of each forest or stretching across the forests, indicating a concerted effect of the hierarchical structures on cell adhesion.
In summary, we have developed a simple and versatile method for fabricating micropatterned polymer nanorod forests. The fabrication process is electrospray-assisted and all experimental components are commercially available, making such a method simple and cost-effective. Moreover, the created architecture can be easily modulated by varying the fabrication parameters, such as electrospray time, the dimensions of the nylon mesh, and the features of the AAO membrane (e.g., channel-diameter and interchannel spacing). The hierarchical structure can be used for dual drug loading and regulation of cell adhesion, holding great potential for a number of applications. For example, in the process of wound healing, one drug, such as a growth factor, can be physisorbed on the surface of the nanorods to promote rapid cell adhesion and proliferation. Meanwhile, another drug, such as an antibiotic, can be encapsulated in the nanorods for sustained release to prevent wound infection. Over time, the scaffold will degrade and eventually integrate with the host tissue. Furthermore, such a hierarchical scaffold can be used to recapitulate stem-cell niches by loading specific adhesion molecules, growth factors, extracellular matrices, and/or a layer of feeder cells. As a result, one can create 3D in vitro microenvironment for stem cells to interact with, providing valuable information to understand the self-renewal and differentiation of stem cells. Patterning the surface of an AAO membrane by transfer printing of gelatin with a nylon mesh. (a) Optical micrograph of a nylon mesh with a mesh opening of 41 μm and a spacing of 25 μm. The inset shows an SEM image of the mesh (scale bar: 50 μm), revealing the woven structure. (b) Optical micrograph of the nylon mesh after its surface had been coated with gelatin using electrospray. (c, d) SEM images of an AAO membrane, whose surface had been patterned with a meshed network of gelatin. 
